Cyanobacteria contain up to three highly divergent glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes: gap1, gap2, and gap3. Genes gap1 and gap2 are closely related at the sequence level to the nuclear genes encoding cytosolic and chloroplast GAPDH of higher plants and have recently been shown to play distinct key roles in catabolic and anabolic carbon flow, respectively, of the unicellular cyanobacterium Synechocystis sp. PCC6803. In the present study, sequences of 10 GAPDH genes distributed across the cyanobacteria Prochloron didemni, Gloeobacter violaceus PCC7421, and Synechococcus PCC7942 and the ␣-proteobacterium Paracoccus denitrificans and the ␤-proteobacterium Ralstonia solanacearum were determined. Prochloron didemni possesses homologs to the gap2 and gap3 genes from Anabaena, Gloeobacter harbors gap1 and gap2 homologs, and Synechococcus possesses gap1, gap2, and gap3. Paracoccus harbors two highly divergent gap genes that are related to gap3, and Ralstonia possesses a homolog of the gap1 gene. Phylogenetic analyses of these sequences in the context of other eubacterial and eukaryotic GAPDH genes reveal that divergence across eubacterial gap1, gap2, and gap3 genes is greater than that between eubacterial gap1 and eukaroytic glycolytic GapC or between eubacterial gap2 and eukaryotic Calvin cycle GapAB. These data strongly support previous analyses which suggested that eukaryotes acquired their nuclear genes for GapC and GapAB via endosymbiotic gene transfer from the antecedents of mitochondria and chloroplasts, and extend the known range of sequence diversity of the antecedent eubacterial genes. Analyses of available GAPDH sequences from other eubacterial sources indicate that the glycosomal gap gene from trypanosomes (cytosolic in Euglena) and the gap gene from the spirochete Treponema pallidum are each other's closest relatives. This specific relationship can therefore not reflect organismal evolution but must be the result of an interkingdom gene transfer, the direction of which cannot be determined with certainty at present. Contrary to this, the origin of the cytosolic Gap gene from trypanosomes can now be clearly defined as ␥-proteobacterial, since the newly established Ralstonia sequence (␤-proteobacteria) branches basally to the ␥-proteobacterial/trypanosomal assemblage.
Introduction
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH, phosphorylating: EC 1.2.1.12 and 1.2.1.13) is an ancient and ubiquitously distributed enzyme of sugar phosphate metabolism that catalyzes the reversible interconversion of glyceraldehyde-3-phosphate and 3-phosphoglycerate (Fothergill-Gilmore and Michels 1993) . Two very different types of phosphorylating GAPDH enzymes with only 10% to 15% sequence similarity are distributed across eubacteria and archaebacteria; these were designated as class I and class II GAPDH (Cerff 1995) . Whereas class II GAPDH has so far only been found in archaebacteria (Hensel et al. 1989) , class I GAPDH is the classic enzyme of glycolysis and the Calvin cycle in eubacteria and eukaryotes and has been characterized in one halophilic archaebacterium (Prüß, Meyer, and Holldorf 1993; Brinkmann and Martin 1996) .
Across eubacterial genomes, class I GAPDH genes possess an exceptional degree of sequence diversity in the form of gene families. For example, three highly divergent gap genes each are found in the genomes of Anabaena variabilis (Martin et al. 1993) , Escherichia coli (Blattner et al. 1997) , and P. aeruginosa (see Pseudomonas genome project: http://www.pseudomonas.com/), whereas two highly divergent gap genes are found in the genomes of Synechocystis sp. PCC6803 (Kaneko et al. 1996; Koksharova et al. 1998) and Bacillus subtilis (Kunst et al. 1997 ). However, these genomes do not possess the same two or three gap genes. Rather they possess divergent samples of a larger GAPDH gene family, members of which are distributed in a skewed manner across contemporary eubacterial genomes. This view is substantiated by the finding that other gap genes are present in eubacterial genomes (e.g., Clostridium, Corynebacterium, Thermotoga, Thermus, and Deinococcus) that apparently are not orthologous to the gap genes in the aforementioned sequenced genomes (Martin et al. 1993; Brown and Doolittle 1997; Viscogliosi and Müller 1998) .
All eukaryotic GAPDH genes surveyed to date are nuclear encoded and were apparently aquired from eubacteria. The vast majority of eukaryotic GAPDH genes descend from only two distinct members of the eubacterial class I GAPDH family, genes that are designated in cyanobacteria as gap1 and gap2 (Martin et al. 1993; Cerff 1995; Brown and Doolittle 1997; Martin and Schnarrenberger 1997) . Eubacterial gene gap1 is closely related to eukaryotic gene GapC, encoding, as a rule, cytosolic GAPDH of glycolytic-gluconeogenetic function. This nuclear gene was probably acquired from the proteobacterial antecedents of mitochondria (Smith 1989; Martin et al. 1993; Liaud et al. 1994) , although orthologous gap1 genes are present in other eubacterial phyla, including cyanobacteria. A notable exception to this rule is cytosolic GapC of Euglena and its glycosomal equivalent in trypanosomes, which are probably not of mitochondrial origin because they specify a branch on the GapC tree rooting basally to the proteo-cyano-bacterial divergence. Another exception is the cytosolic GapC, only found in certain trypanosomes, which is surprisingly close to the corresponding homolog in ␥-proteobacteria (Michels et al. 1991; Henze et al. 1995) .
The eubacterial gene gap2, on the other hand, shows only 40% to 50% sequence similarity to the gene gap1. It has so far been found only in cyanobacteria and is highly similar to the nuclear gene GapAB encoding chloroplast Calvin cycle GAPDH in plants, green and red algae, as well as in Euglena gracilis (Brinkmann et al. 1989; Martin et al. 1993; Kersanach et al. 1994; Liaud et al. 1994; Henze et al. 1995) . Hence, cyanobacteria and photosynthetic eukaryotes with green and red plastids possess two divergent GAPDH enzymes that differ with respect to their cosubstrate specificity and their role in sugar phosphate metabolism. The glycolytic (catabolic) enzyme both in plants (GapC) and cyanobacteria (Gap1) is NAD-specific, whereas the photosynthetic enzyme in plants (GapAB) is NADP-dependent but active with both NADP and NAD in cyanobacteria (Gap2) (Cerff 1978; Koksharova et al. 1998) .
Some cyanobacterial genomes harbor a third member of the eubacterial gap gene family that has not been found in eukaryotic genomes to date-gap3. The function of cyanobacterial gap3 is not known. Previous analyses suggested that gap3 has phylogenetic affinity to a gap gene of E. coli (gapB; [Alefounder and Perham 1989] ), that has recently been shown to encode a highly specific erythrose-4-phosphate dehydrogenase (E4PDH) rather than glyceraldehyde-3-phosphate dehydrogenase (Zhao et al. 1995) . Curiously, gap genes specific to the Calvin cycle in Rhodobacter sphaeroides (Chen et al. 1991) and Ralstonia eutropha (previously called Alcaligenes eutrophus) (Schaferjohann, Yoo, and Bowien 1995) and Xanthobacter flavus (Meijer, van den Bergh, and Smith 1996) are more similar to the E4PDH (gapB) of E. coli than to the Calvin cycle-specific gap2 genes of cyanobacteria (Henze et al. 1995) , indicating that recruitment of GAPDH genes for autotrophic function has occurred at least twice independently in eubacterial evolution.
In order to better understand the functional and evolutionary relationships between eubacterial and eukaryotic GAPDH genes, we have used primers that will amplify various members of the eubacterial gap gene family to isolate and sequence gap genes from the cyanobacteria Prochloron didemni, Gloeobacter violaceus PCC7421, Synechococcus PCC7942, and the proteobacteria Paracoccus denitrificans and Ralstonia solanacearum (previously called Pseudomonas solanacearum). We report 10 new eubacterial GAPDH sequences that can either be assigned to the gap1 and gap2 subfamilies or to a cluster that contains gap3 and several related proteobacterial sequences. We examine the phylogeny of eubacterial and eukaryotic GAPDH genes in the context of endosymbiotic gene transfer during mitochondrial and plastid symbiosis. Furthermore, we have investigated the effect of long-branch attraction and outgroup effects on the position of the unstably branching, rapidly evolving GAPDH sequence for GapA from the photosynthetic protist E. gracilis.
Materials and Methods Nomenclature
The designations for individual GAPDH genes and proteins follow the guidelines of the Plant Gene Nomenclature Commission (Mnemonic/Numeric system of the Mendel Database). All GAPDH genes and proteins start with the mnemonic term ''gap'' followed by a number (''gap1'', ''gap2'', etc.) or a letter (''GapA'', ''GapB'', etc.) or both (''GapA1'', ''GapA2'', etc.). All gene names are written in italics, with the first letter in lowercase (gap1) or uppercase (GapA) for bacterial/organellar and nuclear-encoded genes, respectively. All GAPDH proteins, whether encoded by bacterial/organellar or nuclear genes, have the same names as their corresponding genes but are always written in standard style and with the first letter in uppercase, e.g., proteins/ enzymes Gap1, GapA, GapA1, etc.
Bacterial Strains, Plasmids, and Culture Conditions Wild type Synechococcus PCC7942 was grown photoautotrophically in a modified BG11 medium at 25ЊC under high-intensity fluorescent light (125 Em Ϫ2 s Ϫ1 ) as previously described (Koksharova et al. 1998) . G. violaceus (SAG 7.82 , Sammlung von Algenkulturen, Göttingen) was grown as indicated above, but at low light intensities (5 Em Ϫ2 s Ϫ1 ). DNA of R. solanacearum (formerly Burgholderia solanacearum-DSM9544) was purchased from the Deutsche Sammlung für Mikroorganismen.
Escherichia coli strains XL1-blue and POP13 were grown with appropriate antibiotics according to standard procedures (Sambrook et al. 1989) . Cloning vectors used were phage NM1149 (Murray 1983 ) and pBluescript-SK(ϩ) (Stratagene). Plasmid transformation, selection, and testing for recombinant clones was performed as described (Sambrook, Fritsch, and Maniatis 1989) .
Cloning and Sequencing of Eubacterial gap Genes
Degenerate primers for two highly conserved regions at the N-terminal and C-terminal ends of GAPDH proteins (INGFGRI, WYDNE) were used for the amplification of gap genes (95% of the coding sequence) from genomic DNA samples. For the amplification of gap sequences from Gloeobacter and P. didemni, the following primers were used: G/AINGFG: 5Ј-GSNATH AAYGGNTTYGG-3ЈandWYDNEW:5Ј-CCAYTCRTT RTCRT-ACCA-3Ј(noncoding strand). In the case of Synechococcus and Ralstonia, slightly different primers were used: INGFGR: 5Ј-ATHAAYGGNTTYGGNMG3ЈandWYDNE:5Ј-AYTCRTTRTCRTACCA-3Ј (noncoding strand). Polymerase chain reaction (PCR) conditions were as follows: cycle 1: 93ЊC for 5 min; cycles 2 to 35: 93ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 2 min; and cycle 36: 72ЊC for 5 min. All reactions were performed in a Perkin Elmer thermocycler at a Mg 2ϩ concentration of 1.5 mM. Chromosomal DNA was prepared as described in Koksharova et al. (1998) . Amplification products of corresponding size were treated with polynucleotide kinase and Klenow DNA polymerase using protocols from the supplier (New England Biolabs).
Subsequently, the DNA fragments were cloned into pBluescript-SKϩ and both strands of at least three independent PCR-generated clones for each gene were sequenced with appropriate oligonucleotides using the dideoxy chain termination method (Pharmacia protocol).
Synechococcus and Paracoccus gap genes were cloned from genomic libraries. For the generation of the Synechococcus library, chromosomal DNA from an autotrophically grown, axenic culture was digested to completion with HindIII and cloned into the HindIII site of phage lambda NM1149. In case of Paracoccus, chromosomal DNA was completely digested either with HindIII or with EcoRI and cloned into the HindIII or EcoRI site of the phage lambda NM1149, respectively. Packaging of phage particles was performed as described (Hohn and Murray 1977; Kaiser and Murray 1988) . Positively hybridizing clones were isolated by plaque hybridization in 5x SSC, 0.02% PVP, 0.02% Ficoll 400, 0.1% SDS, and 50 g/ml denatured salmon sperm DNA. For Synechococcus screens were performed with homologous probes at 68ЊC; the Paracoccus library was probed with the end-labeled (PNK) oligomer WYDNE at 30ЊC. Probes for Synechococcus were generated by PCR as described above and labeled with ␣-32 P dCTP by random priming. Filters were washed twice for 30 min in 2x SSC, 0.1% SDS at the hybridization temperatures. Hybridizing clones were isolated (Synechococcus gap2 and gap3; Paracoccus two gap clones) and genomic fragments were subcloned into the HindIII or EcoRI site of pBluescript-SKϩ and sequenced as described above.
The gap1 gene from Synechococcus was cloned from a Lambda FIX library (Stratagene). For the generation of the library, genomic DNA from Synechococcus was partially digested with Sau3AI and partially refilled (see protocol of manufacturer) fragments of sizes between 7 and 23 kb were cloned into the XhoI site of Lambda FIX. DNA from hybridizing clones was digested with SalI and subcloned into pBluescript-SKϩ and sequenced as described above.
The nucleotide sequence data reported will appear in the DDBJ/EMBL/GenBank International Nucleotide Sequence Database under the accession numbers X91235, X91236, X91237 (gap1, gap2 and gap3 of Synechococcus PCC7942); X92514 (gap1 of Ralstonia solanacearum); AJ007271, AJ007272 (gap2 and gap3 of Prochloron didemni); AJ007273, AJ007274 (gap1 and gap2 of Gloeobacter violaceus); AJ012158 and AJ012157 (gap1 and gap2 of Paracoccus denitrificans both belonging to subfamily Gap-III).
Phylogenetic Analysis
Except for P. aeroginosa gap2, which was obtained from TIGR directly, (see: http://www.tigr.org/tdb/mdb/ mdb.html) all GAPDH sequences used were retrieved from GenBank. Database accession numbers of the sequences included in the dataset are the following: Deduced amino acid sequences were aligned with CLUSTAL W (Thompson, Higgins, and Gibson 1994) and refined by hand using the SEQED option of the MUST package (Philippe 1993) . After the exclusion of gaps and the elimination of the N-and C-terminal regions in front of GINGFG and after WYDNE, the resulting alignment contains 49 sequences with 307 positions. A phylogenetic tree was constructed using Kimura distance estimation and the NJ algorithm (Saitou and Nei 1987) , and subsequently the statistical support for all nodes was estimated by 1,000 bootstrap replicates using the NJBOOT option of the MUST package. The same alignment was used in a maximum-parsimony (MP) (Swofford 1993 ) bootstrap analysis (100 replicates). In MP bootstrap analyses, the default settings were used, except that (1) bootstrap values lower than 50% were retained, and (2) sequences were randomly added for each of the 100 bootstrap replicates. The same dataset of 49 sequences was also subjected to maximumlikelihood analyses (Adachi and Hasegawa 1996) with the NJ DIST and local rearrangement options of ProtML.
Results

Cloning and Sequence Analysis of Bacterial gap Genes
We determined five partial and five complete GAPDH sequences from three cyanobacteria and from one ␣-and one ␤-proteobacterium (shown in fig. 1 ). The prochlorophyte P. didemni (Lewin and Withers 1975) harbors homologs to the gap2 and gap3 genes from A. variabilis (ATCC 29413); the sequences from G. violaceus PCC7421 (Rippka, Waterbury, and Cohen-Bazire 1974) could be identified as gap1 and gap2 homologs. As in Anabaena, three GAPDH genes are present in Synechococcus PCC7942. Two highly divergent gap genes were found in the ␣-proteobacterium P. denitrificans, and in the ␤-proteobacterium R. (Pseudomonas) solanacearum, only a single gap1 gene was amplified.
A comparison of the 10 deduced protein sequences for Gap1, Gap2, and Gap3 determined in this study with GAPDH Gene Diversity in Eubacteria and Eukaryotes 433 ← FIG. 1.-Alignment of derived amino acid sequences Gap1, Gap2, and Gap3 from Synechococcus with their corresponding homologs in eubacteria and eukaryotes in three separate blocks representing subfamilies Gap-I, Gap-II, and Gap-III (see fig. 2 ). Only the reference sequences (Synechococcus Gap1, Gap2, Gap3) are written in full. Amino acids not identical to the reference are shown. Identical residues are replaced by dots. The numbering system is in accordance with the one based on the three-dimensional structure of Bacillus stearothermophilus GAPDH. P188 denotes the presence (Gap1) or absence (Gap2) of Pro-188 indicative of NAD specificity and dual cosubstrate specificity with NAD and NADP, respectively (Clermont et al. 1993 ). The only known exception to this rule is glycosomal GapC of trypanosomes (sequence 7), which has a valine in position 188 and which has been shown to be strictly NAD-specific (Misset et al. 1987) . Val-188 is also present in Treponema but not in Euglena GapC (sequences 5 and 6). Insertions at positions 22A-22C, 164A, and 302A-302E are specific to T. pallidum, E. gracilis and T. brucei and are indicated by asterisks above the alignment. The arrowhead (Ͼ) at the beginning of the sequence indicates the presence of a transit peptide. Missing residues in partial sequences or indels are indicated by dashes; double points at the C-terminal end denote termination codons. The strict-consensus sequence is shown below the alignment. Percentage values at the bottom of the sequence were obtained by pairwise comparison. Sequences from this study are as follows: Synechococcus Gap1, Gap2, Gap3; R. solanacearum Gap1; G. violaceus Gap1 and Gap2; P. didemni Gap1 and Gap3 and P. denitrificans Gap1 and Gap2 sequences which belong to subfamily Gap-III. Sources for all other sequences are indicated in Materials and Methods. some of their respective homologs in other eubacteria and eukaryotes ( fig. 1 ) revealed unexpectedly high similarities between the euglenozoan GapC sequences from Euglena and Trypanosoma brucei (75% similarity) on the one hand and the Gap1 sequence of the spirochete T. pallidum (Fraser et al. 1998 ) on the other (67% and 66% similarity, respectively). This euglenozoan/spirochaete subgroup has a quite low overall similarity relative to all other members of the Gap1/GapC family (48% to 61% based on the Gap1/GapC dataset used for tree construction in fig. 2 ), which coincides with the presence of three unique conserved insertions at positions 22A-22C (-K/GLL-), 164A (-G-), and 302A-302E (-LPNEK/R-), respectively (see fig. 1 ). Trypanosoma and Euglena share another unique insertion at position 60A-60H (-KSDANLAE-and -KSKPSVAK-, respectively) which is not present in Treponema. All insertions, except G-164A, contain charged residues, suggesting that they are solvent exposed and located at the surface of the native subunit.
Phylogenetic Analysis of GAPDH Sequences
We selected 32 different organisms harboring 49 GAPDH proteins for phylogenetic analyses. Three hundred and seven positions were used to construct phylogenetic trees by distance matrix (Kimura correction) and maximum-parsimony methods. Since the resulting topologies were almost identical, only the phylogenetic tree resulting from the distance matrix analysis is shown in figure 2 . In order to estimate the robustness of internal branches, bootstrap proportions for both NJ and MP trees (1,000 and 100 replicates, respectively) were calculated and are indicated at the corresponding nodes. The resulting tree shows three major subgroups, containing cyanobacterial gap genes that are related to the two distinct genes gap1 and gap2 and a third cluster that contains, in addition to the gap3 sequences, several gap3-related proteobacterial genes. For the three different categories of Gap genes/proteins defined by bootstrap values higher than 90%, we chose the operational designations type Gap-I, type Gap-II, and type Gap-III. These definitions are based on phylogenetic criteria and are independent of the individual, species-specific gene designations which usually have no phylogenetic meaning and, hence, lead to confusions in intertaxonic and evolutionary comparisons (e.g., genes gapB and GapB of E. coli and higher plants, respectively; see fig. 2) In the Gap1/GapC (Gap-I) subtree, a group of proteobacterial sequences is evident that includes the Gap1 sequences from E. coli and R. solanacearum and the sequences for GapC of the eukaryotic cytosol that are arguably of mitochondrial origin (Martin et al. 1993; Henze et al. 1995; Martin and Schnarrenberger 1997) . A Gap sequence from B. fragilis that belongs to the bacteroides/flavobacterium group branches robustly with the Gap1 sequence from the ␤-proteobacterium Ralstonia. The cyanobacterial Gap1 sequences of Synechocystis, Synechococcus, Anabaena, and Gloeobacter are basal to sequences from the proteobacterial subdivisions. The position of C. trachomatis Gap1 could not be resolved in these analyses. Whereas the NJ and MP methods place it with cyanobacteria, though with low bootstrap support, in the ProtML analysis (using NJDIST and the local-rearrangement option), it is more closely related to proteobacteria. The GapC sequences of the two Euglenozoa and the spirochete Treponema branch robustly together at the base of the Gap1/GapC (Gap-I) subtree in figure 2 .
The Gap2/GapAB (Gap-II) subtree contains Gap2 sequences from cyanobacteria and the nuclear-encoded chloroplast enzymes of plants (GapA and GapB). The Gap2 sequence of Gloeobacter branches basally among the Gap2 sequences analyzed ( fig. 2) . Branching orders within the cyanobacterial Gap2 cluster vary considerably and do not receive high bootstrap support in any analysis. The position of the GapA sequence from E. gracilis is very unstable and assumes different branching positions depending on species sampling and the phylogenetic analysis performed (see below and Discussion).
The Gap-III subtree can be subdivided into three separate groups: first, it carries a cyanobacterial Gap3 branch which also includes a closely related sequence from the ␣-proteobacterium R. capsulatus that was recently established in the course of the Rhodobacter genome project. Sequence identity between the R. capsulatus Gap sequence and cyanobacterial Gap3 sequences is on the order of 60% to 64%, comparable to the identity between Synechococcus and Anabaena Gap3 (67%). The branch bearing cyanobacterial Gap3 sequences is quite long, suggesting an elevated evolutionary rate for these sequences.
Gap-III carries another fast-evolving group with sequences related to E. coli GapB, that was shown to have FIG. 2.-Phylogenetic tree constructed by the neighbor-joining method with the Kimura formula for the estimation of distances. Bootstrap values indicate the number of times that a given node was detected out of 1,000 neighbor-joining replicates (upper value) or out of 100 maximumparsimony replicates (lower value). Only bootstrap values above 50% are indicated. Dashes at internodes designate topologies that differed in the MP bootstrap analysis from the NJ analysis shown and which, in addition, were supported by MP bootstrap values higher than 50 percent. The scale bar indicates 0.1 amino acid substitutions per nonsynonymous site. Closed Diamonds and arrowheads indicate gene duplications and gene transfer events, respectively. Sequences established in this study are shown in bold.
erythrose-4-phosphate dehydrogenase activity (Zhao et al. 1995) . In addition, a third group of quite slowly evolving sequences from ␣-, ␤-, and ␥-proteobacteria is part of this cluster. The topology of these latter sequences is in agreement with the generally accepted rRNA phylogeny. This group contains a Gap sequence from R.
sphaeroides that shares only 45% identity with the Gap3 sequence from R. capsulatus. The same degree of divergence is observed when the two newly established Paracoccus sequences are compared, demonstrating that the Gap-III cluster is much more divergent than the Gap-I or Gap-II subtrees. 
Influence of Outgroup Sampling on the Topology of Subtree Gap-II
Subtree Gap-II carries only genes from cyanobacteria and photosynthetic eukaryotes with green and red plastids, such as chlorophytes (landplants and green algae), red algae, and Euglena. The position of Euglena is surprising, since it does not fall into the eukaryotic clade but occupies a basal position below all cyanobacteria except the supposedly primitive cyanobacterium Gloeobacter (see Discussion). This unusual basal position of Euglena may be due to a treeing artifact known as ''long-branch attraction'' (LBA, Felsenstein 1978) . In brief, LBA causes rapidly evolving sequences to assume an artifactually basal position in phylogenetic analysis in the presence of distantly related outgroup sequences. In order to examine the influence that LBA might have on the position of Euglena GapA, we constructed data sets consisting of fewer or no outgroup sequences to the Gap-II subtree and repeated the phylogenetic analysis. These results are shown in figure 3 . Figure 3A schematically summarizes the suspected effect that LBA might have on these data: Inclusion of distantly related outgroups (long branches by definition) attract longbranch (fast-evolving) ingroup sequences to an artifactual basal position. Figure 3B shows the basal position of Euglena GapA in the presence of 33 outgroup sequences (as in fig. 2 ). Figure 3C shows the result with the same method using six fewer distantly related outgroup (GapC) sequences, whereby Euglena GapA moves up in the topology, branching above all cyanobacterial Gap2 sequences sampled. In the absence of outgroups to the Gap-II subtree ( fig. 3D ), the position of Euglena GapA moves even further up in the tree, above the rhodophyte GapA branch, forming a moderately supported branch (bootstrap value 58%) together with the chlorophyte sequences. Interestingly, also Gloeobacter makes an upward movement in the unrooted subtree Gap-II and branches now together with Anabaena and Prochloron, although weakly supported by bootstrap analyses (56%).
Discussion
We have isolated and characterized GAPDH sequences from the cyanobacteria Synechococcus PCC7942 (genes gap1, gap2, and gap3), P. didemni (gap2 and gap3) , and G. violaceus (gap1 and gap2) , from the ␤-proteobacterium R. solanacearum (gap1) and the ␣-proteobacterium P. denitrificans (two gap genes belonging to the subfamily Gap-III). Previous studies of GAPDH gene evolution have indicated that the nuclear genes for higher-plant GAPDH were acquired from eubacteria in the context of the endosymbiotic origins of organelles, the gene for GapC of the cytosol having been obtained from the antecedents of mitochondria and the gene for GapAB of chloroplasts having been acquired from the antecedents of plastids (Liaud, Zhang, and Cerff 1990; Martin et al. 1993; Liaud et al. 1994; Henze et al. 1995) . However, in those studies, lineage-sampling among those members of the eubacterial GAPDH gene family that ultimately gave rise to the eukaryotic nuclear genes GapC and GapAB, respectively (eubacterial gap1 and gap2), was rather limited. In this study, we have shown that gap1, gap2, and gap3 genes are found not only in Anabaena (Martin et al. 1993) but are quite broadly distributed across cyanobacteria, including suspectedly primitive forms such as Gloeobacter and phycobilisome-lacking forms such as Prochloron (Giovannoni et al. 1988; Turner et al. 1989; Nelissen et al. 1995) . Furthermore, we have shown that the phylogenetic distribution of gap1 genes extends beyond cyanobacteria and ␥-proteobacteria, since the ␤-proteobacterium R. solanacearum was shown here to possess a gene of the gap1 type. In the course of phylogenetic analysis of these data, we searched available databases and identified two additional gap1 genes from the genomes of C. trachomatis and T. pallidum and a member of the gap3 family in the genome of the ␣-proteobacterium R. capsulatus.
Our neighbor-joining GAPDH tree shown in figure 2 is in agreement with the maximum-likelihood GAPDH tree recently published by Viscogliosi and Müller (1998) , which carries a number of additional GAPDH sequences from Gram-positive and thermophilic bacteria and parabasalid protists which were not included in the present study. The following discussion will concentrate on the phylogenetic implications inferred form subtrees Gap-I, Gap-II and Gap-III, whose topologies are fairly stable and not dependent on the inclusion of the complete set of class I GAPDH sequences presently available.
Eubacterial gap1 Genes as Antecedents of Nuclear Genes Encoding Cytosolic GapC Enzymes in Eukaryotes (Subtree Gap-I)
On the basis of comparative biochemistry and phylogenetic analyses (Gray 1992) , it is now well etablished that mitochondria derive from ␣-proteobacteria. GapC sequences from eukaryotes cluster firmly with gap1 genes from ␤-and ␥-proteobacteria ( fig. 2) , to the exclusion of the basally branching cyanobacterial gap1 homologs. This position of eukaryotic GapC can be most straightforwardly interpreted as reflecting a mitochondrial (␣-proteobacterial) origin of the eukaryotic nuclear genes. No gap1 homologs have yet been found in ␣-proteobacteria, but this interpretation clearly predicts that in time, ␣-proteobacterial gap1 sequences will be found. The two amitochondriate protozoa G. lamblia and E. histolytica also possess GAPDH enzymes of suspected mitochondrial origin, suggesting that these organisms indeed once harbored mitochondria (Henze et al. 1995; Liaud et al. 1997) . This is in agreement with evidence from numerous recent studies that suggest a secondary loss of mitochondria in these lineages (Clark and Roger 1995; Keeling and McFadden 1998; Philippe and Adoutte 1998; Roger et al. 1998 ) and is consistent with the view that the common ancestor of all extant eukaryotes possessed a mitochondrion-like organelle (Martin and Müller 1998) .
In our analyses, the position of C. trachomatis cannot be inferred with confidence, and different methods place it either with proteobacteria or with cyanobacteria. In general, the position of Chlamydia in eubacterial phylogeny is rather controversial and depends on the molecule of choice (Viale et al. 1994; Eisen 1995) . It should be noted, however, that in a recent analysis of group one sigma factors, the chlamydiae share a very robust common branch with proteobacteria (Gruber and Bryant 1997) .
Treponema Gap1 and euglenozoan GapC share a robustly supported common branch rooting at the basis of the Gap-I subtree ( fig. 2) . In addition, the sequences from these three organisms (Treponema, Euglena, and Trypanosoma) share three unique insertions (see Results, fig. 1, and below) , suggesting that they have a common evolutionary origin which is distinct from that of all other GapC/Gap1 sequences and which apparently antedates the emergence of mitochondria.
While the majority of eukaryote lineages including G. lamblia and other amitochondriate diplomonads have glycolytic GAPDH enzymes belonging to the Gap-I subfamily (GapC enzymes of mainly mitochondrial origin), Viscogliosi and Müller (1998) have recently shown that parabasalid flagellates are exceptional in that they adopted a glycolytic GAPDH descending from an independent (eubacterial?) lineage which may be loosely attached to subtree Gap-III. Parabasalid flagellates are primitive protists with a fermentative metabolism. They are characterized by the absence of mitochondria and the presence of an unusual metabolic organelle, the hydrogenosome. It remains to be established whether or not this enigmatic, novel GAPDH is also present in other, so far not studied, amitochondriate or even mitochondriate protists.
Intra-Kingdom Gene Transfer Between the Phyla Proteobacteria and Bacteroides/Flavobacteria (Subtree Gap-I)
A surprising finding is the extremely close relationship between the Gap-I sequences from B. fragilis and the ␤-proteobacterium R. solanacearum (80% identity and 100% NJ-bootstrap support). This close relationship of two Gap sequences from organisms that do not belong to the same eubacterial phylum can clearly not represent organismal evolution but is most likely the result of a horizontal gene transfer from a proteobacterium to an ancestral member of the bacteroides/flavobacterium phylum. This transfer must have occurred after the separation of ␤-and ␥-proteobacteria, since the ␤-proteobacterial Gap1 sequence from Ralstonia is significantly closer related to that of Bacteroides (80%) than it is to the ␥-proteobacterial E. coli sequence (70%).
Euglenozoan Cytosolic and Glycosomal GapC Genes Are Unusually Close to gap1 Genes from ␥-Proteobacteria and the Spirochete Treponema, Respectively (Subtree Gap-I) Euglenozoan GAPDH sequences sampled here represent the most deeply branching lineage on the Gap-I subtree and, hence, are difficult to interpret as mitochondrial descendants. The two classes of Euglenozoa represented by Euglena (Euglenoidea) and Trypanosoma (Kinetoplastidea) differ with respect to the localization of their glycolytic enzymes. Whereas Euglena has a complete enzymatic machinery for glucose degradation in the cytosol, Trypanosoma performs glycolysis mainly in the glycosome, an organelle unique to kinetoplastids (Michels and Hannaert 1994) . Notably, glycosomal GAPDH of kinetoplastids branches robustly with cytosolic GAPDH in Euglena, indicating recompartmentalization of this enzyme during euglenozoan evolution (Henze et al. 1995; Wiemer et al. 1995) . In addition, some kinetoplastids possess a second, distinct isoenzyme in the cytosol (Michels et al. 1991; Hannaert et al. 1992) , which is very closely related to enterobacterial Gap1 and might have been acquired by kinetoplastids through a prokaryote-to-eukaryote gene transfer event that did not entail the establishment of organelles (Henze et al. 1995) . This scenario is further substantiated by the present finding that the phylogenetic position of the gap sequence from the ␤-proteobacterium Ralstonia represents an outgroup to the ␥-proteobacterial/trypanosomal group (fig. 2 ). This basal position of Ralstonia, together with the absence of the cytosolic equivalent in the deeper-branching kinetoplastids (Trypanoplasma [Wiemer et al. 1995] ), indicates that the lateral transfer occured fairly recently in euglenozoan evolution.
While cytosolic GapC of Trypanosoma seems to be derived from a ␥-proteobacterial Gap1, glycosomal GapC of Euglenozoa is surprisingly close to a homolog present in the spirochete Treponema (100% bootstrap significance; see fig. 2 and alignment in fig. 1 ). This raises the question of the direction and context in which this horizontal gene transfer may have occurred. If the gap1 gene was transferred from a spirochete to the ancestor of the Euglenozoa (scenario I), other spirochetes would be expected to harbor a Treponema gap1 ortholog. So far, only one other spirochetal gap gene from Borrelia burgdorferi, has been sequenced (see the Borrelia genome database and Fraser et al. [1997] ). This gap gene, however, is clearly not part of the Gap-I subtree (Viscogliosi and Müller 1998) . Therefore, under scenario I, the common ancestor of Treponema and Borrelia would have possessed both divergent gap genes, and the present state would be the result of selective loss and retention during the streamlining process, leading to the extremely small genomes of these parasites (1.1 MB and 0.8 MB).
The alternative hypothesis of a gene transfer in the opposite, eukaryote to prokaryote, direction (scenario II) raises other, even more puzzling questions concerning the origin of the glycosomal GapC gene and the biological context for its transfer to spirochetes. Few prokaryotic genes have been claimed to be of eukaryotic origin, and mechanisms of their transfer remain highly speculative (for review, see Smith, Feng, and Doolittle 1992) . With the present data, a clear-cut decision concerning the direction of the transfer cannot be made but will await the sequencing of further spirochetal gap genes.
Scenario I may also be viewed in the context of earlier suggestions that glycosomes are of endosymbiotic origin. Support for a xenogenous origin of microbodies, including glycosomes, glyoxysomes, and peroxisomes, is so far based on the presence of some enzymes specific to all microbodies, their way of multiplication and biogenesis, and most important, on the presence of similar import signals in all proteins imported (Opperdoes et al. 1998) . In case of a cryptic endosymbiosis of an ancestral spirochete, we would expect some other glycosomal proteins to be closely related to their homologs in extant spirochetes. Several analyses performed with glycolytic enzymes other than GAPDH demonstrated that this is not the case (data not shown). Therefore, an endosymbiotic scenario in which a spirochete is seen as the ancestor of the glycosome is not supported by the present data.
Rhodobacter capsulatus Harbors a Cyanobacterial gap3 Homolog (Subtree Gap-III)
To date, gap3 homologs have only been described in cyanobacteria. Recently, the R. capsulatus genome project uncovered the presence of a gap gene in this ␣-proteobacterium which branches robustly with cyanobacterial gap3 sequences just below the Synechococcus homolog in all analyses performed ( fig. 2 ).
This observation may be explained in alternative ways: (1) Rhodobacter could have obtained the gap3 gene through a lateral gene transfer from an ancestral cyanobacterium, or (2) the position of Rhodobacter on the Gap-III subtree reflects organismal evolution. The latter interpretation suggests that the common ancestor of (␣-) proteobacteria and cyanobacteria possessed gap3 genes and that these have been lost during the process of genome evolution in the lineages leading to the sequenced genomes of the ␥-proteobacteria H. influenzae, which possesses only gap1, and E. coli, which possesses gap1 and two other gap genes, that, however, do not fall into the classes designated as gap1-3 here (Henze et al. 1995) . As more proteobacterial genomes are sequenced, other proteobacteria may become known that also possess gap3 genes.
Is Gloeobacter an Ancestral or a Highly Derived Cyanobacterium (Subtrees Gap-I and Gap-II)?
It is generally accepted that eukaryotes received their photosynthetic apparatus through the engulfment of an ancient cyanobacterium that was subsequently transformed into plastids (Gray and Doolittle 1982) . Furthermore, the majority of the data are compatible with a monophyletic origin of all plastids (primary endosymbionts; Gray 1992; Martin, Somerville, and Loiseaux-DeGoër 1992; Loiseaux-DeGoër 1994; Delwiche and Palmer 1997). The general picture emerging from 16S rRNA, tufA, atpB, and psbA phylogenies shows that all cyanobacteria, including plastids, are part of a massive radiation that happened rather late in eubacterial evolution (Morden et al. 1992; Douglas 1994; Nelissen et al. 1995) . The phylogenetic analysis of Gap2 sequences also supports a monophyletic origin of primary plastids and, in addition, an early divergence of Gloeobacter ( fig. 2) . Similarly, Gloeobacter appears as one of the early-branching organisms of the cyanobacterial radiation in 16S rRNA (Wilmotte 1994; Nelissen et al. 1995) and tufA phylogenies (Koehler et al. 1997 ). This position is in agreement with the unique morphology of Gloeobacter, the only cyanobacterial species known to lack thylakoid membranes (Rippka, Waterbury, and CohenBazire 1974) . Additional peculiar morphological features include the lack of sulfoquinovosyl diacylglycerol lipids (Selstam and Campbell 1996) and an unusual structure and localization of phycobilisomes (Guglielmi, Cohen-Bazire, and Bryant 1981) . However, in the present study, the early divergence of Gloeobacter is only supported if an outgroup to the Gap-II tree is present ( fig. 3B and C) . In the absence of an outgroup, Gloeobacter and Anabaena form a weakly supported group ( fig. 3D ). On the other hand, a very close relationship between these two organisms is suggested in the Gap-I subtree. Under the assumption that Gloeobacter is indeed the most primitive cyanobacterium known, Gap1 phylogeny can only be explained by a horizontal gene transfer from Anabaena to Gloeobacter. Conversely, Gloeobacter could also be a highly derived organism, assuming that the position of Gloeobacter in the Gap1 subtree correctly reflects the evolution of the organism and that the position in the Gap2 subtree is the result of a treeing artifact. This in turn is in contradiction with several other phylogenetic studies performed (see above) that rather support the ancestral state of this organism. More analyses with other molecular markers will be necessary to clarify this issue.
Influence of Species Sampling on the Position of Euglena in Subtree Gap-II
The position of Euglena GapA in fig. 2 is at odds with the hypothesis of Gibbs (Gibbs 1978) , who argued that Euglena's plastids arose through engulfment of a (eukaryotic) chlorophyte by a phagocytosing, nonphotosynthetic kinetoplastid host. Data from completely sequenced chloroplast genomes firmly attest to the chlorophytic ancestry of Euglena's plastids . It is therefore surprising that Euglena GapA branches below all cyanobacterial gap genes sampled, with the exception of Gloeobacter (fig. 2) . This, in addition to the conspicuously long branch observed for Euglena GapA in previous analyses (Henze et al. 1995) , suggested that the position of Euglena GapA might be due to an artifact of phylogenetic construction known as long branch attraction (LBA) (Felsenstein 1978) .
As shown in figure 3B -D, reducing the number of outgroup sequences leads to a progressive movement of Euglena GapA towards the top of the Gap-II subtree until it branches above the rhodophyte GapA branch in the unrooted Gap-II topology. This latter position is much more compatible with chloroplast-encoded protein data that confirm the chlorophytic ancestry of Euglena's plastids . It is thus congruent with the view that the GapA gene of Euglena descends from a GAPDH gene of plastid origin that was donated from the secondary endosymbiont (chlorophyte) to the host (kinetoplastid) nucleus, where the gene product was successfully rerouted to the organelle of its genetic origin. Notably, nuclear-encoded chloroplast GAPDH from other secondary endosymbionts do not belong to the GapAB group but are, rather, duplicated genes of the Gap1/GapC (Gap-II) type (Liaud et al. 1997 ).
In summary, the complex architecture of the universal class I GAPDH tree is due to multiple successive gene duplications, intra-and interkingdom gene transfer (endosymbiotic and nonendosymbiotic), selective loss/ retention of genes, and lineage-specific differences in evolutionary rate. In spite of this complexity, a large fraction of GAPDH gene diversity falls into three major categories, represented by subtrees Gap-I, Gap-II, and Gap-III ( fig. 2) , carrying genes related to cyanobacterial genes gap1, gap2, and gap3, first described for A. variabilis. All genes present in extant eukaryotes, except those from parabasalid flagellates, are derived from eubacterial genes gap1 and gap2 and were transferred to the nucleus, probably in connection with the acquisition of mitochondria (gap1 → GapC) and chloroplasts (gap2 → GapA), respectively. Glycosomal GapC of Euglenozoa is a notable exception. It seems to antedate the symbiotic event leading to mitochondria and is specifically related to Gap1 of the spirochete T. pallidum, suggesting that it spread by interkingdom gene transfer the direction of which remains elusive at the present time.
